Dominant mobility modulation by the electric field effect at the LaAlC>3 / SrTiOs 

interface 
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Caviglia et al. [Nature (London) 456, 624 (2008)] have found that the superconducting 
LaAlOa/SrTiOs interface can be gate modulated. A central issue is to determine the principal 
effect of the applied electric field. Using magnetotransport studies of a gated structure, we find 
that the mobility variation is almost five times as large as the sheet carrier density. Furthermore, 
superconductivity can be suppressed at both positive and negative gate bias. These results indicate 
that the relative disorder strength strongly increases across the superconductor-insulator transition. 

PACS numbers: 73.20.-r, 74.78.Db, 85.30.Tv 



The strength of the electric field effect (EFE) in ac- 
cumulating or depleting carriers in a conducting chan- 
nel is central not only to many semiconductor devices 
found ubiquituously in modern electronics, but also in 
current research into achieving novel physics using tun- 
able materials. Complex oxides are one case where the 
electronic ground state of the system is highly sensitive 
to the carrier density [j], Q ■ Among the commonly stud- 
ied oxide materials, SrTi03 has attracted much attention 
due to its high electron mobility and electric permittiv- 
ity at low temperatures, which facilitates large electric 
field effects Q. Many recent oxide EFE devices have 
utilized SrTiOs substrates as a crucial component of the 
experiment: both the metallicity and superconductivity 
of SrTi0 3 have been modulated 0,0, 0,0] • 

Recently Caviglia et al. Q strikingly demonstrated 
that the EFE could be used to modulate the supercon- 
ductivity which appears Q in the metallic gas formed 
between the two insulators LaA103 and SrTiOs. Since 
its first discovery [§] the origin and physics of this metal- 
lic layer has been intensively investigated. Room tem- 
perature scanning electron energy-loss spectroscopy and 
conducting scanning probe measurements have set an up- 
per limit of ~7 nm for the gas thickness in annealed or 
high pressure grown samples 0, [l(| • However it is still 
unclear how the gas thickness is correlated to the sheet re- 
sistance at low temperatures, which itself can be changed 
by several orders of magnitude with oxygenpressure dur- 
ing LaA10 3 growth [IlLI, or the EFE @,[|. 

In this context, Caviglia et al. assumed that the su- 
perconductivity suppression by the EFE is due to the 
reduction of the carrier density of the electron gas. How- 
ever it was unclear how the mobility of the electron gas 
changed in these initial EFE experiments, since it was not 
probed. A direct measurement of the mobility is vital in 
order to experimentally determine what is the effective 
tuning parameter of the superconductor-insulator transi- 
tion. In this Letter, we describe a detailed study of the 
magnetotransport properties of a LaAlOs/SrTiOs inter- 



face, for which superconductivity can be fully suppressed 
by both positive and negative gate bias. Normal state 
magnetotransport measurements were also made above 
the upper critical field at which superconductivity is de- 
stroyed. From these data we find that not only does 
the carrier density vary with applied gate voltage, but 
a significant change of the electron mobility also occurs, 
which in fact the dominates the change in the normal 
state conductivity. These results are crucial for a full 
understanding of the nature of the transition from the 
superconducting to insulating state in this system, and 
others like it which utilize SrTiOs as an active element 
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Our sample was grown by pulsed laser deposition as 
described elsewhere [IH using an oxygen pressure of 
1.33 x 10~ 3 Pa. The LaA10 3 thickness was 10 unit cells, 
as monitored using in-situ reflection high-energy electron 
diffraction. The substrate was 5 mm x 5 mm x 0.5 mm 
SrTiOs (100) with a Ti02 terminated surface. Using 
optical lithography, a six contact Hall bar (central bar 
length 500 /xm, width 100 /im) was patterned onto the 
SrTiOs utilizing amorphous A10 x as a hard mask, which 
was lift-off patterned at room temperature prior to the 
LaA103 growth. 

The Hall bar was ultrasonically wirebonded with Al 
wire to form Ohmic contacts, and the gate contact was 
made on the back of the SrTi03 substrate via conduct- 
ing silver epoxy. A quasi d.c. bias current sweep between 
1 — 100 nA was used for all transport measurements. The 
back gate leakage current was < 0.1 nA for all tempera- 
ture and voltages. Sheet resistance versus temperature, 
R(T), was measured in the temperature range 0.05 K 
< T < 0.5 K in a dilution refrigerator with a base tem- 
perature of 10 mK. The gate voltage V g was first swept 
between the maximum and minimum values of ±100 V 
to remove history effects before measurements were 
made at 25 V intervals. Similar measurements were also 
performed in a helium-4 cryostat for 2 K < T < 300 K, 
which was more convenient to investigate thermal history 
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effects associated with changes in V g 
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FIG. 1: (Coior) (a) R(T) from T = 300 K before biasing, (b) 
Low temperature R(T) for various gate voltages, (c) Super- 
conducting critical temperature T c versus gate voltage. 
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FIG. 2: (Color) Antisymmetrized Hall resistance versus mag- 
netic field, R X y(H) for various V g at T — 0.1 K. Lines are 
guides to the eye. Inset: Capacitance versus voltage at 
T = 0.1K. 



FigureQJa) shows R(T) in the high temperature regime 
before applying a gate voltage, showing a slight upturn 
around T = 20 K, similar to that observed elsewhere 
0,11, EH- Figure W(b) shows the low temperature R(T) 
for various V g applied. A clear systematic increase of 
the resistance is observed for V g < and decrease for 
V g > 0. Superconductivity is found for the range -50 V 



< V g < 75 V, with T c 



378 mK at V g = +25 V, as shown 



in the phase diagram of Fig. 1 (c) . Here for simplicity we 
have defined T c as the temperature at which the sheet 
resistance falls below 50% of the value at T = 0.5 K. 
Similar to Ref. Q, we can completely suppress T c by 
applying a negative gate voltage (removing electrons), 
but in this sample we can also add electrons (positive 
V g ) and reduce T c to zero. 

The normal state magnetotransport properties were 
measured above the superconducting upper critical field, 
H C 2, using a magnetic field /lo-ff 3> 150 mT > hqH C 2- 
The Hall resistance data at T = 0.1 K are shown in Fig. 
[2j The extracted sheet carrier density, n,2d ~ 1.8 x 10 13 
cm~ 2 for V g = V at fi n H — 2 T is comparable to other 
studies. Applying positive V g , R xy (H) develops a non- 
linearity, hence we extract the sheet carrier density from 
the Hall coefficient at both 8 T and 2 T. At V a = -75 
V and —100 V R xy {H) could not be measured reliably, 
suggesting that inhomogeneities develop in the wire at 
higher sheet resistances. The carrier density modulation 
for both high (8 T) and low (2 T) field fits show the same 



trend with V g : a reduction of ' 



45 % between V g = +100 



V and —50 V (Fig. [3]). The modulation of the sheet car- 
rier density in this voltage range is linear, meaning that 
the device is operating as a conventional metal oxide field 
effect transistor. Measurements at T = 2 K show a sim- 
ilar trend, with only a slight difference in the value of 
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The relative change in charge with V g can also be es- 
timated using the integrated capacitance versus voltage 
(C(V g ), inset Fig. [5]). However we found that the charge 
variation, as scaled by the area of the Hall bar was sig- 
nificantly larger than that measured by the Hall effect, 
(n cl data in Fig. [3]). We find better agreement with the 
Hall effect by scaling with the bottom gate area (n C 2, Fig. 
[3]), however this would imply some conduction beneath 
the AlOz hard mask, despite the large measured resis- 
tance > 100 Gf2/D. The clear hysteresis observed in the 
C(V g ) data (inset Fig. [2]), suggests the presence of weak 
induced interfacial ferroelectricity due to the presence of 
a large electric field [lil . Il7j |. Thus charge trapping is 
a more likely scenario for the overestimate of the ri2d 
change from the C(V g ) data, and we rely on the Hall 
data as a direct probe of the free carrier density in the 
electron gas. 

Next we focus on the change in electron mobility, which 
is independent of the weak Hall effect non-linearity. Us- 
ing the standard Hall mobility formula fin = {en2dR)~ l 
where e is the electronic charge, HH{V g ) was calculated. 
The fiH data are shown in Fig.[3j together with n2d{V g ). 
These results show a clear and consistent reduction of the 
electron mobility as V g decreases from 100 V to —50 V, 
at T = 100 mK. This change is a factor of 9.3 (8 T Hall 
coefficient data), with a similar change at T = 2 K. Thus 
in this system the change in conductivity is dominated 
by the mobility change, and not the sheet carrier den- 
sity, which varies by a factor of only ~ 1.8 in the same 
V g range. At even higher temperature (T — 20 K, data 
not shown) we find the same dominance of the mobility 
change, emphasizing the robustness of this result. 

We have modeled the carrier distribution assuming a 
triangular well with the LaA103 acting as an infinite 
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FIG. 3: Sheet carrier density ri2d and electron mobility fiH 
versus V g , at T = 0.1 K (squares) and T = 2 K (circles). 
Closed and open symbols refer to high field (8 T) and low (2 
T) field values of the Hall coefficient respectively. Heavy lines 
are carrier density changes estimated from the capacitance 
data using top (n c i) and bottom (n C 2) areas. Other lines are 
guides to the eye. 



To give a real space picture of the physics occuring 
when applying finite V g , we must consider two effects. 
Firstly the insulating SrTi0 3 substrate acts as simply 
a capacitor which moves charge to the interface. The 
electric field E av confining this charge will then change 
with n2d according to the previous non-linear equation. 
However at the same time the conduction and valence 
bands of the bulk SrTiC>3 must be connected continu- 
ously with those of the metallic gas. Thus for Vg < 
(V g > 0) an additional compression (expansion) of the 
electron gas will occur due to band bending, similar to 
previous discussions in the case of mobility suppression 
in gated n-AlGaAs-GaAs heterojunctions [20|. Qualita- 
tively we can illustrate the effect of this bias using the 
above model in a small voltage range (±10 V). We add 
the non-linear E av and the applied electric field due to V g 
to define the new confining potential and recalculate 
the electron distribution for n 2 d interpolated at V g = ±10 
V. These data are also shown in the inset of Fig. [4] and 
clearly demonstrate the compression (expansion) effect 
with negative (positive) gate bias. 



potential barrier at the origin [18|. We use the band 
structure assumptions of Ueno et al. @, i.e. that the 
three doubly-degenerated conduction band valleys cen- 
tered at the T point of SrTiC>3 show no band-splitting, 
and consists of one heavier mass band (effective mass 
of m* h — 4.8mo, where mo is the bare mass) and two 
lighter bands (m* = 1.2mo). At V g = 0, we take 
a self consistent average electric field as the confining 
potential. This is non-linear in the carrier density, as 
given by E av = A(exp(0.5eBn 2 d£o 1 ) — 1), where e$ is 
the vacuum permittivity, A = 8.349 x 10 4 V/m, and 
B = 4.907 x 10~ 10 m/V 0. Using the 2 K high field 
value of n 2 d = 2.0 x 10 13 cm -2 , we find an effective rel- 
ative permittivity e r ~ 1.5 x 10 4 and E av ~ 1.2 x 10 s 
V/m. 

In this approximation the solutions of the Schrodinger 
equation are Airy functions of the form Ci( z ) — Ai(za — 
[1.57r(i - 0.25)] 2 / 3 ), where a = {h 2 /2m*eE av ) 1 / 3 , z is 
the direction normal to the interface, and i is an integer. 
Electrons are added progressively into the energy bands 
until the total charge n 2 d is reached, and the Fermi en- 
ergy Ep is determined self consistently. The electron dis- 
tribution can then be calculated using the eigen energies 
Ei and corresponding wavefunctions Q using 
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n 3 d(z) = 
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(1) 



with g h = 2, gi = 4: and E t = eE av a~ x [1.5tt(z - 0.25)] 2 / 3 . 
The result of this calculation gives an electron distribu- 
tion as shown in the inset of Fig. |H The peak volume 
carrier density nf d ^ = 1.3 x 10 19 cm~ 3 , is well within 
the range of densities for which superconductivity in bulk 
SrTi0 3 is found K^. 
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FIG. 4: Sheet resistance at V g = V and T = 2 K after 
applying an extremal voltage V e - Sweep two was performed 
after resetting the system at T = 300 K. Inset: Electron 
distribution calculations at three bias voltages. 

In this range, V g is a small perturbation on E av . At 
larger V g a fully self-consistent calculation is necessary 
to incorporate the local non- linear permittivity s r (V g , z) 
3) Although very computationally demanding, the 
response of the electron distribution and lattice relax- 
ation effects must also be included 2l| in order to achieve 
a full quantitative understanding of the gating effect. 
The inclusion of non-linearities of the permittivity tend 
to collapse the value e r close to the interface, leading 
to further compression the gas closer to the LaAlC>3 / 
SrTiC>3 interface [12], and may even counter-intuitively 
increase n^f x at large negative biases. As noted above, 
the superconductivity in our sample shows a much more 
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sensitive response to an applied voltage that the previous 
study, where T c could only be suppressed to zero only in 
the regime V g < 0. Also our maximum in T c is larger 
than that of Ref. Q , despite our lower starting value of 
nid- This contrast is therefore not due simply to the dif- 
ferent sheet carrier densities in the system, but rather 
it depends on the detailed density distribution n^d{z)- 
This is critical for understanding the superconducting 
phase diagram, and is not universal in the presence of 
non-linearities in e r . 

The decrease of the mobility is thus correlated with 
the loss of the lower density 'tail' region of the 713^(2) 
distribution, and an increased relative contribution of in- 
terface scattering at the LaAlOs/SrTiOs interface as the 
center of mass of the electron gas moves closer to the 
LaA103. Additionally, any decrease in e r will enhance 
the scattering cross-section of previously screened ion- 
ized impurities, and compound the mobility reduction of 
the electron gas. This result has important implications 
when discussing the suppression of the superconducting 
state since changes in the disorder must be considered 
in additional to the change in ii2d- In this sample, a 
relatively weak but clear non-linearity in the Hall effect 
measurement was found, (Fig. [2]). In brief, this Hall effect 
non-linearity can be caused by multiple parallel conduc- 
tion paths with different electron mobilities, or possibly 
by magnetic contributions. The former cause is more 
likely in the general case, and would naturally arise due 
to the concomitant distribution of the mobility and elec- 
tron density throughout the thickness of SrTiC>3. The re- 
duction of the Hall effect non-linearity for larger negative 
gate voltages is then a natural consequence of the loss of 
the low carrier density, higher mobility tail of the electron 
distribution. The increased electric field squeezes the 
electron distribution further towards the LaAlOs/SrTiOs 
interface, homogenizing the mobility distribution. 

Finally we briefly discuss history effects associated 
with irreversible changes in the resistance at low temper- 
atures as V g is swept. These changes can only be removed 
by warming to room temperature. The main panel Fig. 
|4] shows how the change in R at {V g = 0) behaves as a 
function of the previous extremal voltage applied. That 
is to say, we applied V g to a maximum positive (or neg- 
ative) value of V e , again set V g = and then measured 
R. First V e was ramped from to -100 V in 10 V steps. 
After this, the sample was warmed to 300 K to reset the 
system, and cooled again to 2 K, and V e was then ramped 
from to +100 V. A clear asymmetry in R(V e ) is found: 
positive V e induces a much larger differential increase in 
R than negative V e . Such an asymmetry may be under- 
stood via the discussion above concerning the distortion 
of the electron distribution by the gate voltage. Positive 
V g , extending the electron distribution deeper into the 
SrTiC>3 substrate, causes electrons to fall into previously 
unfilled trap states. After the gate voltage is removed, 
and when the emission rate from the trap states is low, 



the system does not return to the previous state, but at 
a higher resistance, as observed. For V g < the electrons 
are pressed closer to the LaAlC>3 layer, but a significant 
number of new traps are not revealed, consistent with 
the asymmetry of the resistance change shown in Fig. 2) 
The increase in resistance for V g < is then assigned 
to additional charge trapping due to interfacial ferroelec- 
tricity .23], the presence of which is suggested by the 
capacitance data already discussed. 

In conclusion we have studied the EFE at the 
LaA103/SrTiC>3 interface, and have shown that the elec- 
tron mobility plays a dominant role in controlling the 
conductivity of this system. These data are consistent 
with a distortion of the electron wavefunction towards the 
interface. Thus variations in the effective disorder may 
dominate the modulation of the superconducting transi- 
tion, which in our case could be suppressed to T c = K 
using both positive and negative gate voltages. Moreover 
we expect that these changes in electron scattering will 
generally be present when using the EFE to tune any 
superconductor-insulator transition, evidence for which 
has been noted elsewhere 12], |24 1 . 
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